The effect of microstructural factors on hardness was investigated in normalized, tempered, aged and crept materials for Mod.9Cr-1Mo steel, using nanoindentation and microhardness tests. Nanohardness and microhardness decreased during tempering, aging and creep exposure. Dislocation spacing, lath width, high angle boundary (block and packet boundary) spacing and inter-particle spacing increased during tempering, aging and creep exposure. A converted Vickers hardness was introduced to compare directly nanohardness and microhardness to Vickers hardness. The converted Vickers hardness increased with indent size in all the materials tested. Hardness at an indent size less than 1 mm mainly consists of dislocations inside lath grains. Hardness at an indent size larger than 1 mm originates from not only dislocation but precipitates and high angle boundaries such as block and packet boundaries. Comparing the converted Vickers hardness with lath width and high angle boundary spacing in normalized material with no precipitates, it was found that the lath boundary does not contribute to hardness. The difference in converted Vickers hardness between tempered and aged material was obviously large at the indent size, greater than inter-particle spacing. The decrease in hardness during aging is caused by increase in inter-particle spacing due to coarsening and coalescence of precipitates. On the other hand, not only changes in precipitates but also increase in high angle boundary spacing and dislocation spacing contribute to decrease in hardness during creep exposure.
Introduction
High chromium ferritic steels such as Mod.9Cr-1Mo steel have contributed to improvement of thermal efficiency of power plants by increasing steam temperature since the high chromium ferritic steels retain higher creep resistance. Further improvement of creep resistance is needed to achieve higher thermal efficiency. On the other hand, a method of creep life assessment is investigated on the Mod.9Cr-1Mo steel to ascertain safe plant operation since the steel has been used for 100 000 h and longer in plants. 1) For development of high chromium ferritic creep resistant steels with a tempered martensite, it is important to improve microstructural stability during creep exposure. For instance, respectively, martensitic lath width increases and dislocation density decreases during creep deformation. [2] [3] [4] In order to retard these microstructural changes, several precipitates such as M 23 C 6 , MX and Laves phase are used. These precipitates pin dislocations inside the lath grain, and lath, block and packet boundaries. 5, 6) The recovery of lath structure during creep exposure contributes to the decrease of hardness of the steels. 7) The change of hardness can be a measure of softening of the steels. It is reported that lath width and dislocation density in rupture specimens have a linear relation to hardness. 8) In short, retarding the decrease of hardness during creep exposure contributes to improvement of creep resistance in the long term. On the other hand, it is reported that the change of hardness during creep exposure can be a measure of residual creep life in the high chromium ferritic steels. 9) However, the relation between hardness and microstructural factors has not been entirely clarified, since not only lath width and dislocation density, but also block, 10, 11) packet and precipitates sizes change during creep exposure. Therefore, in order to use hardness change as a measure of microstructural stability and/or residual creep life assessment, we need to know the contribution of each microstructural factor, such as block, packet boundaries and precipitates sizes to hardness change during creep exposure.
Miyahara et al. 12) revealed the contribution of grain boundary to hardness in fine-grained ferritic steel by using a nanoindentation hardness system. They investigated the hardness dependence of indent size by introducing a converted Vickers hardness. 12) They also revealed quantitatively the contribution of dislocation, solutes, block boundary and cementite to hardness in tempered martensitic steels used at room temperature by means of the same method. 13) By using the nanoindentation technique, Komazaki et al. 14) reported that hardness inside lath grain decreases at the primary stage of creep deformation in 9Cr-0.5Mo-1.8W-VNb steel. Murata et al. 15) reported that a wide variation in nanohardness reflects inhomogeneity of tempered martensite in high chromium ferritic steels. The results in the previous papers 14, 15) are obtained from relative comparison of nanohardness. On the other hand, a method reported by Miyahara et al. 12) can directly compare Vickers hardness with large indent size to nanohardness, using the converted Vickers hardness. This method is useful for clarifying the contribution of microstructural factors involving various sizes ranging from several tens of nanometers to several tens of micrometers to hardness on the same measure.
The objective of this study is to clarify contribution of changes of dislocation density, lath, block and packet size and precipitates to change of hardness during creep exposure by using a nanoindentation technique.
Experimental Procedure
The material examined was ASME T91 (Mod.9Cr-1Mo steel) steel; its chemical composition and heat treatment condition are listed in Table 1 . After heat treatment, the microstructure of the steel was tempered martensite. The gauge length and diameter of the creep specimens were 30 and 6 mm, respectively. Uniaxial creep tests were conducted in air. A creep ruptured specimen at 973 K and 40 MPa was selected for microstructural investigation and indicated by arrow in Fig. 1 . In this test condition, it was expected that the martensite structure recovered during creep exposure, leading to a large decrease in hardness.
8) The microstructure of gauge and grip portions of the rupture specimen was observed, using TEM, SEM-OIM. In order to investigate the effect of martensite structure with no precipitates on hardness, not only a tempered specimen but also a normalized specimen was examined. The steel examined consisted of lath, block and packet with several precipitates. 16) In order to evaluate the influence of microstructural factors on hardness quantitatively, results of nanoindentation technique and microhardness were compared with the microstructure by use of the converted Vickers hardness. Lath width and dislocation density inside lath grain were measured by TEM. Inter-particle spacing was measured by taking 30 images in SEM at magnification of 30 000 per specimen. Lath, block, packet and prior austenite grain boundaries can contribute to hardness in a tempered martensite. A boundary with large misorientation higher than 15°was regarded as a high angle boundary which strongly affects hardness. The boundary spacing was measured in boundary maps obtained from SEM-OIM images with 0.05 to 0.1 mm scanning steps.
In order to measure hardness with various indent sizes ranging from several tens of nanometers to several tens of micrometers, three types of hardness tests were carried out. Nanohardness was measured with the nanoindentation tester (10 nN to 10 mN) with an atomic-force microscope (AFM). The details of the equipment are described in the previous paper. 12) Microhardness tests (1 to 200 mN) were performed with a commercial low-load indentation tester (Shimadzu DUH-201). Vickers hardness was measured with an Akashi Tester. In nanoindentation and microhardness tests, force-penetration depth (F-h) curves were obtained. The curves were converted to Vickers hardness by using single-crystal metals such as W, Mo, Ni. The calibration method by which the force and penetration depth are related to Vickers hardness has been established. 12, 13, 17) The specimens for nanoindentation and microhardness tests were electrically polished using ethanol, perchloric acid and butoxy ethanol after mechanical polishing.
Results and Discussion

Hardness Measurements
Vickers hardness for normalized, tempered, aged (head portion) and crept (gauge portion) specimen was HV413, HV235, HV205 and HV165, respectively. The hardness decreased during tempering, aging and creep. Typical F-h curves obtained by nanoindentation and microhardness testing were analyzed and the obtained penetration depth corresponding to maximum force is summarized in Table 2 . The penetration depth at the same maximum force increased after tempering, aging and creep exposure. This means that the tendency of nanohardness and microhardness change is similar to that of Vickers hardness change. The indent sizes range from several tens of nanometers to several tens of micrometers in the nanoindentation, microhardness and Vickers hardness tests. Therefore, the tendency to a decrease in hardness during tempering, aging and creep does not change over nano-to macro-scale regions. Figure 2 shows martensitic lath structure of normalized, tempered, aged and crept specimens. The grip portion of the crept specimen corresponds to the aged specimen. The lath structure recovered during tempering, aging and creep exposure. The lath width increased with tempering and aging, and the lath changed to subgrain during creep exposure. The average lath width of normalized, tempered, aged and crept specimens were 0.19 mm, 0.34 mm, 0.52 mm and 1.1 mm, respectively. The lath pronouncedly recovered during creep in contrast with aging. The dislocation structure inside lath grains of normalized, tempered, aged and crept specimens is shown in Fig. 3 . The dislocation density inside lath grains decreased with tempering, aging and creep. The dislocation densities of normalized, tempered, aged and crept specimens were 1.9ϫ10 15 , respectively. Creep deformation accelerated the decrease in dislocation density.
Changes in Dislocation and Martensite Structure during Tempering, Aging and Creep
These changes of dislocation structure are in agreement with previous work. Figure 4 demonstrates OIM images of (a) normalized, (b) tempered, (c) aged and (d) crept specimens. The color indicates orientation shown in Fig. 4(e) . Kikuchi lines were not clear and, therefore, the orientation could not be decided in the black regions. The block size seems to increase after tempering. The distribution of block grains is not different between the tempered and aged specimens. However, the blocks change to equiaxed grains and the block size is obviously larger in the crept specimen. less than 15°, respectively. The average spacing of blue boundaries (high angle boundaries) of normalized, tempered, aged and crept specimens was 0.53 mm, 0.77 mm, 0.84 mm and 2.2 mm, respectively. Although the lath width is generally smaller than the block size in a martensite structure, 18 ) the lath width is close to block size in the crept specimen as shown in Fig. 2(d) and Fig. 4(d) , indicating that most of the boundaries shown in Fig. 2(d) 
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Change of Precipitates during Aging and Creep
No precipitates were observed after normalizing except for a small amount of undissolved MX particles. The M 23 C 6 and most MX particles precipitate during tempering heat treatment and the Laves phase precipitates during aging and/or creep exposure in the Mod.9Cr-1Mo steel. In the limited test condition (973 K) for microstructural observation, the Laves phase does not precipitate. Figure 6 shows SEM images of (a) tempered, (b) aged and (c) crept specimens. Relatively coarse and fine particles are observed in the tempered specimen ( Fig. 6(a) ). The coarse and fine correspond to M 23 C 6 and MX particles, respectively. There was particle coarsening during aging and creep exposure. The particle coarsening is accelerated in the crept specimen. Suzuki et al. have reported that differences in stress affect the coarsening rate of M 23 C 6 in Mod.9Cr-1Mo steel.
19) The inter-particle spacing was obtained from density of the particles on the SEM images. The particles larger than 20 nm in diameter were counted in the images at magnification of 30 000 without distinguishing M 23 C 6 from MX. The interparticle spacing of tempered, aged and crept specimens were 0.40 mm, 0.62 mm and 0.67 mm, respectively. The increase in inter-particle spacing corresponds to the particle coarsening shown in Fig. 6 since additional precipitation of Laves phase does not occur at 973 K. 20) 
Relationship between Converted Vickers Hardness and Microstructural Factors
Microstructural parameters obtained from microstructural observations are summarized in Table 3 . The dislocation spacing l was calculated from dislocation density r, using the equation of lϭ1/√r -. The average spacing of all microstructural factors which can be obstacles to dislocation during plastic deformation increases after tempering, aging and creep exposure. In order to clarify contribution of each microstructural factor to hardness, it is important to compare indent size and the average spacing of microstructural factors. The size of the plastic deformation zone around the indentation is nearly two times as large as the indent size. 21) If the average spacing is much larger than the indent size, the microstructural factor can not affect hardness. The relationship between indent size and converted Vickers hardness using the F-h curves for nanoindentation and microhardness tests is shown in Fig. 7 . The data at indent size larger and less than 20 mm are Vickers hardness and the converted Vickers hardness, respectively. The average spacing of each microstructural factor is also plotted in the figure. The hardness of the base ferrite ( HV100 22) ) is shown as a dashed line. The converted Vickers hardness increases with increasing indent size in the normalized, tempered, aged and crept specimens. Hardness does not change at an indent size (Region III) greater than about 10 mm in all specimens, meaning that prior austenite grain boundary does not contribute to hardness since the average prior austenite grain size is about 10 mm. Hirukawa et al. reported no contribution of prior austenite grain boundary to hardness in tempered martensite steels. 13) Hardness at the indent size (Region I) less than 1 mm can be mainly influenced by dislocations inside lath grains since the average dislocation spacing l is much smaller than 1 mm. On the other hand, not only the dislocations but also precipitates, lath boundaries and high angle boundaries such as block and packet boundaries can affect the hardness at the indent size (Region II) greater than about 1 mm since average inter-particle spacing p, mean lath width d and high angle boundary spacing w are around 1 mm.
The converted Vickers hardness for the normalized specimen drastically increases at indent sizes larger than about 0.6 mm, shown in Fig. 7(a) . The high angle boundary spacing w corresponds to the critical size, indicating that an abrupt increase in hardness occurs when the high angle boundary is included in the plastic deformation zone around the indentation. The lath boundary does not contribute to hardness since the converted Vickers hardness does not change at around the indent size corresponding to the lath width, 0.19 mm. Therefore, the contribution of lath boundary to hardness can be neglected in the following discussions. The converted Vickers hardness at the indent size smaller than 0.6 mm is affected by dislocations inside lath grains.
The converted Vickers hardness of the tempered specimen is lower than that of the normalized one at all indent sizes. The decrease in dislocation density and increase in high angle boundary spacing after tempering causes the decrease in hardness.
The aging caused a decrease in hardness at all indent sizes in contrast with the tempered specimen as indicated in Fig. 7(b) . The difference in hardness between the tempered and aged specimens at the region I originates from the difference in l. The difference in p and l contributes to the difference in hardness at region II since the value w is the same for both tempered and aged specimens. The hardness of the crept specimen is lower than those of the tempered and aged specimens at regions I, II and III. The difference in hardness between the tempered and crept specimens at region I is greater in contrast to the difference between the tempered and aged specimens, due to much lower dislocation density in the crept specimen. Moreover, the difference in hardness at region II is very large, since not only the value p but also the value w increases during creep exposure. Figure 8 shows a schematic illustration of the contribution of each microstructural factor to hardness expected from Fig. 7 . We consider that each microstructural factor additionally contributes to hardness. The contribution of high angle boundaries and precipitates to hardness is larger in the tempered specimens in contrast with dislocations inside lath grains. Aging decreases only the contribution of precipitates to hardness. Moreover, creep deformation additionally decreases the contribution of high angle boundaries to hardness. The decrease in dislocation density inside lath grains also contributes to the decrease in hardness; however, the contribution is lower than those of high angle boundary and precipitates.
Previous work 8, 9, 23) reported that change of lath width during creep relates to decrease in hardness. However, no contribution of lath boundary to hardness was confirmed in this study. The dislocations inside lath grains apparently contribute to hardness. It is expected that the lath width may relate to hardness since the lath width has a relation to the dislocation density inside the lath grain.
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Conclusions
The contributions of microstructural factors to hardness were investigated in normalized, tempered, aged and crept materials for Mod.9Cr-1Mo steel, using nanoindentation and microhardness tests. The results are summarized as follows.
(1) The hardness at indent sizes which range from several tens of nanometers to several tens of micrometers, decreases during tempering, aging and creep exposure.
(2) The average spacing of obstacles, such as dislocations inside the lath grain, precipitates, and lath boundary, increases during tempering and aging. Moreover, the average spacing of high angle boundaries such as block and packet increases during creep exposure.
(3) It was confirmed that the lath boundary does not contribute to hardness in a normalized specimen with no precipitates. The dislocation inside the lath grain contributes to hardness at an indent size ranging from several tens to hundreds of nanometers. The precipitates and high angle boundary affect hardness at the indent size larger than several hundred of nanometers.
(4) The hardness of aged and crept steel is lower than that of tempered steel at an indent size of 0.1 to 100 mm. The decreases in hardness at an indent size of 0.1 to 1 mm and 1 to 10 mm originate from a decrease of dislocation density inside the lath grain and the increase of average spacing of precipitates and high angle boundaries, respectively.
(5) The decrease of hardness during aging is low at the indent size of 0.1 to 1 mm and is large at the indent size of 1 to 10 mm, indicating that the coarsening of precipitates during aging mainly contributes to the decrease of Vickers hardness.
(6) The decrease of hardness during creep exposure is larger in contrast with the aged steel at an indent size of 0.1 to 1 mm since the creep accelerates the decrease of dislocation density. The hardness of crept steel is much lower than that of the tempered and aged steels at the indent size of 1 to 10 mm since not only inter-particle spacing of precipitates but also the spacing of high angle boundary increases during creep exposure.
